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We study optical gain in a gas of cold 39K atoms. The gain is observed during operation of a
conventional magneto-optical trap without the need for additional fields. Measurements of transmis-
sion spectra from a weak probe show that the gain is due to stimulated Raman scattering between
hyperfine ground states. The experimental results are reproduced by a simplified six-level model,
which also helps explain why such gain is not observed in similar experiments with rubidium or
cesium.
I. INTRODUCTION
It was realized early in the development of laser cool-
ing with alkali atoms that the typical conditions in a
magneto-optical trap (MOT) support steady-state opti-
cal gain [1, 2]. Multiple mechanisms have been observed
in both cesium and rubidium MOTs. For probe frequen-
cies near the cooling laser frequency, a narrow disper-
sively shaped spectral feature arises due to Raman scat-
tering betweenmF states of a single hyperfine level F , the
degeneracy of which is lifted by polarization-dependent
light shifts [2–4]. Under certain conditions, in-situ four-
wave mixing and recoil-induced resonances can also be
observed [4–6]. At a probe frequency near twice the de-
tuning of the cooling laser from the cycling transition, a
broader feature is observed. This feature is due to Mollow
gain between dressed states [4, 7–10]. It is particularly
notable that these gain mechanisms do not require addi-
tional lasers beyond those used for cooling and trapping,
suggesting a relatively simple setup for continuous-wave
amplification or lasing with cold atoms.
Recently we observed steady-state lasing with cold 39K
atoms in a ring cavity [11]. To our knowledge this was
the first demonstration of gain in an operating potas-
sium MOT. Compared to cesium or rubidium, 39K has
relatively small excited-state hyperfine splittings, being
on the order of the natural linewidth; a simplified en-
ergy level schematic is shown in Fig. 1. This means a
potassium MOT operates in a significantly different way,
in that light scattering is dominated by a non-cycling
transition — the primary cooling laser in our experiment
preferentially drives the |F = 2〉 → |F ′ = 2′〉 transition
(primes denote excited states), which decays by sponta-
neous emission to the |1〉 ground state with 50% proba-
bility. Because of this, 39K MOTs require more repump
light than their rubidium or cesium counterparts, and
the fractional population in the lower ground state can
be much larger.
In our experiment, we observe no evidence of the Ra-
man gain or recoil-induced resonances between nearly-
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FIG. 1. Energy level diagram for the D2 lines of 39K at 767 nm
(the excited- and ground-state manifolds and their separation
are not to scale with each other). The MOT cooling light is
represented in red and the repump in blue. Frequencies are
given in units of MHz, and the indicated detunings are the
default values for making a MOT with a large atom number in
our experiment. The natural linewidth is 6.0 MHz full-width
at half-maximum (FWHM), denoted by the grey bar around
the F ′ = 3′ level.
degenerate Zeeman states which are familiar from ce-
sium and rubidium. We do observe a broader gain fea-
ture which we previously associated with Mollow gain
on the |2〉 → |2′〉 transition. However, subsequent mea-
surements, presented in detail here, suggest that the gain
is in fact due to Raman scattering between the |1〉 and
|2〉 ground states. The rest of this paper is organized as
follows. In Section II we describe the experimental appa-
ratus, and present measurements of transmission spectra
for varying detunings of the MOT cooling and repump
light. In Section III we present a six-level model for hy-
perfine Raman gain which is in good agreement with the
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2measured spectra. Motivated by this model, we investi-
gate the role of the ground state populations in Section
IV. Finally in Section V we return to a comparison with
rubidium and cesium and give an outlook for future work.
II. TRANSMISSION SPECTRA
Our experiment is described in detail in [11–14], so we
only give a brief overview here. Potassium atoms released
from a heated ampule are cooled in a 2D-MOT, and con-
tinuously loaded into a 3D-MOT with a quasi-resonant
pushing laser. The cooling and repump lasers are near
resonance with the groups of |2〉 → |F ′〉 and |1〉 → |F ′〉
transitions, respectively (recall Fig. 1). As mentioned
above, the designations of cooling and repump light do
not accurately apply to a 39K MOT, but we use them
here for consistency with other work. The repump light
is derived from the same laser as the cooling light us-
ing an acousto-optic modulator (AOM), and both beams
are amplified with a single tapered amplifier. The ampli-
fied light is coupled into polarization-maintaining single-
mode optical fibers for spatial mode cleaning and deliv-
ered to the atoms in a conventional three-beam, retro-
reflected geometry; the cooling and repump beams have
similar peak intensities of ≈ 14 mW/cm2 at the posi-
tion of the atoms. A quadrupole magnetic field with a
gradient of 11 G/cm is on during all experiments. Under
typical conditions the temperature of the cloud is around
1 mK.
A linearly polarized probe beam derived from an inde-
pendent laser is used to measure the transmission spec-
trum of the running MOT. The probe passes through the
center of the MOT, and is focused such that the beam
waist of ≈ 100 µm is much smaller than the MOT ra-
dius (typically 800 µm), ensuring the probe traverses the
maximum column density of atoms. The probe power is
≈ 1µW, which does not noticeably perturb the running
MOT. The corresponding probe intensity at the atoms
is ≈ 1 mW/cm2, which is just below the saturation in-
tensity of 1.75 mW/cm2 calculated for the |2〉 → |3′〉
cycling transition. The probe propagates nearly paral-
lel to one pair of MOT beams, then passes through a
4.1 mm aperture to filter out stray MOT light, before
being detected on an avalanche photodiode (Thorlabs
APD110A/M). The probe laser is free running, with its
frequency scanned over a range of at least 1 GHz, al-
lowing all of the D2 features to be observed in a single
scan. To calibrate the frequency sweep rate, a fraction of
the probe light is incident on a high finesse optical cav-
ity. Sidebands can be added to the probe at 17.3 MHz by
modulating the laser current, and the resulting sidebands
in the cavity transmission spectrum can then be used as
a frequency reference for the probe scan. The modula-
tion sidebands are turned off during MOT transmission
measurements.
An example spectrum obtained using our default MOT
detunings is shown in Fig. 2. To obtain a normalized
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FIG. 2. Fractional probe transmission spectrum obtained us-
ing the default MOT beam detunings shown in Fig. 2. The
cooling laser frequency and the expected hyperfine Raman
gain frequency are indicated by the red and blue lines, re-
spectively.
transmission spectrum, the photodiode signal is first av-
eraged 32 times on a digital storage oscilloscope; a linear
fit to the wings of the spectrum accounts for the intensity
change of the laser during the frequency scan, and the
probe beam is then blocked in order to make a measure-
ment of the background. We observe two large absorption
features corresponding to the |2〉 → |3′〉 and |2〉 → |2′〉
transitions, a smaller |2〉 → |1′〉 absorption feature, and
a single gain feature to the red. The gain feature is qual-
itatively similar to what one would expect for Mollow
gain on the |2〉 → |2′〉 transition, in the sense that the
linewidth is on the order of the natural linewidth, and
the center frequency is approximately double the detun-
ing of the cooling beam from the |2〉 → |2′〉 absorption
resonance (indicated by the red line). However the gain
feature is also close to the two-photon Raman transition
between the ground states (blue line). This suggests an
alternative explanation — the gain could be caused by
a stimulated Raman transition from |1〉 → |2〉, with the
MOT repump light acting as the Raman pump. The
small offset between the expected Raman transition fre-
quency and the gain feature is comparable to the calcu-
lated Stark shifts of the ground states from the MOT
beams.
In order to differentiate between Mollow and hyperfine
Raman gain, further measurements were taken with vary-
ing detunings for the MOT cooling and repump beams.
The two mechanisms are expected to exhibit complemen-
tary behavior with respect to the laser frequencies — ne-
glecting relatively small light shifts, the frequency of the
Raman gain peak should depend only on the MOT re-
pump laser frequency, while Mollow gain should depend
only on the frequency of the cooling light.
3FIG. 3. Absorption and gain for varying MOT beam frequencies. (a) Measured probe transmission as the cooling frequency
is changed. Absorption is shown in blue and gain is shown in red. Note the difference in scale between red and blue in the
colorbars. The green curve shows the expected resonance frequency for Mollow gain on |2〉 → |2′〉 and the blue line the |1〉 → |2〉
Raman resonance frequency in the absence of AC Stark shifts. (b) Measured probe transmission as the repump laser frequency
is changed.
Figure 3 shows that the gain resonance frequency is
primarily determined by the repump laser frequency, im-
plying Raman gain. This is most evident in Fig. 3(a),
which shows no observable dependence on the cooling
laser frequency, even when the cooling frequency crosses
the |2〉 → |2′〉 resonance. This is in sharp contrast to
the avoided crossing one would expect from Mollow gain
(green curve) [9]. For comparison, Fig. 3(b) shows that
the gain frequency closely follows the two-photon Raman
resonance as the repump detuning is varied; Mollow gain
would lead to a similar resonance frequency for these pa-
rameters, but one which would not depend on the repump
detuning. Note that the cooling detuning was increased
to −31 MHz for this measurement. This reduces the
rate of optical pumping into the |1〉 state, which allows
a wider range of repump detunings to be explored while
maintaining a reasonable number of atoms in the MOT.
The amplitudes of the gain and absorption features
also depend on the cooling and repump frequencies. This
is due in part to changes in the total number of atoms in
the MOT. Interestingly, we observe that the gain ampli-
tude is higher when the absorption amplitude is lower,
and vice versa. The theoretical model presented in the
next section shows that this is expected for Raman gain
between hyperfine ground states. This is because the
amount of absorption is proportional to the population
in the |2〉 state, whereas the gain amplitude is propor-
tional to the population difference between the |1〉 and
|2〉 states [15].
It is worth noting that Fig. 3(a) appears to contra-
dict our previous measurements, where the gain reso-
nance moved with the cooling laser frequency (denoted
as ‘pump’ detuning in Fig. S1(a) of the supporting ma-
terial for [11]). In that work the repump frequency was
also changing, with a fixed frequency offset relative to
the cooling beam, set by the AOM used to derive the
repump light. Based on previous work with cesium and
rubidium MOTs, we did not foresee that the repump light
itself could act as the gain pump. In the work presented
here we have been careful to vary the frequency of only
one field at a time — when the cooling laser frequency
is changed in Fig. 3(a), the AOM frequency is counter-
tuned to maintain a fixed repump frequency; in Fig. 3(b),
only the repump frequency is varied, by keeping the cool-
ing laser frequency fixed and tuning the AOM. These new
measurements show unambiguously that the gain reso-
nance frequency is determined by the repump frequency
in our experiment.
III. THEORETICAL MODEL
In order to better understand the observed spectra, we
reduce the system to a six-level model consisting of the
hyperfine levels F = 1, 2 and F ′ = 0′–3′, but neglecting
the nearly degenerate Zeeman sub-states. A Lindblad-
type master equation is used to solve for the density ma-
trix ρ,
ρ˙ =
1
i~
[H, ρ] +
∑
n
γn
2
(2anρa
†
n − a†nanρ− ρa†nan) , (1)
where H is the Hamiltonian. Each n represents a channel
for incoherent evolution of the system; an is the corre-
sponding collapse operator, and γn the associated rate
constant. The steady state of the system is found by
4solving for ρ˙ = 0.
In the dipole approximation and interaction picture,
H = ~δ |2〉〈2| −
∑
F ′
~∆F ′ |F ′〉〈F ′|
−
∑
F ′
~Ω1F ′
2
(
|1〉〈F ′|+ |F ′〉〈1|
)
(2)
−
∑
F ′
~Ω2F ′
2
(
|2〉〈F ′|+ |F ′〉〈2|
)
.
Here δ is the two-photon Raman detuning between the
probe and the repump, and ∆F ′ is the repump detun-
ing from the unperturbed |1〉 → |F ′〉 transition. The
Rabi frequency Ω1F ′ describes the repump light driv-
ing the |1〉 → |F ′〉 transition, while Ω2F ′ describes the
weak probe acting on |2〉 → |F ′〉. In calculating the Rabi
frequencies, we use effective Clebsch-Gordan coefficients
CFF ′ for pi transitions averaged over all possible Zeeman
states as in [11].
The cooling light is included in Eq.(1) as an incoher-
ent pumping term from the |2〉 state to the |1〉 state
with effective collapse operator |1〉〈2| and rate w. This
replicates the effect of the cooling beam in repopulating
the |1〉 state, without giving rise to additional features
due to coherent scattering within the numerous Λ sys-
tems involved [16]. A similar approach was adopted in
Refs. [15, 17]. An added benefit of this is that it allows a
straightforward calculation of the transmission spectrum
by including a weak probe term in the Hamiltonian, with-
out causing beating with the cooling light. Spontaneous
emission is represented by collapse operators |F 〉〈F ′| with
rates Γ bFF ′ , where Γ = 2pi × 6.0 MHz is the natural
linewidth (FWHM) and bFF ′ are branching ratios. De-
phasing between ground states is described by a collapse
operator for the population difference ( |1〉〈1| − |2〉〈2| )
with rate γ12 . The steady-state solution for ρ is solved
numerically using the QuTiP software package [18].
The linear probe susceptibility for the |2〉 → |F ′〉 tran-
sition is proportional to ρ2F ′ , with the imaginary part
giving the absorption or gain. The probe transmission
for an optically thin MOT is finally given by,
T = 1−A
∑
F ′
C2F ′ Im{ρ2F ′} , (3)
where A is an overall scaling factor used to match the
peak absorption to the measured value. This is ulti-
mately determined by the column density of the MOT.
A calculated probe spectrum is shown in Fig. 4. The
parameters A, w, and γ12 were set to match the measured
spectrum in Fig. 2. Increasing A increases the amplitude
of all features by a common factor; the amplitude of the
gain peak increases with w and decreases with γ12, while
the width of the gain peak increases with both. We ob-
tain a good match to the data for w = 2pi × 1.0 MHz
and γ12 = 2pi × 1.5 MHz. The optical pumping rate
w can be estimated from the optical Bloch equations,
which predict w = 2pi × 0.6 -0.8 MHz for our conditions,
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FIG. 4. Calculated transmission spectrum, with the repump
detuning shown in Fig. 1. The phenomenological parameters
used were w = 2pi × 1.0 MHz and γ12 = 2pi × 1.5 MHz. The
rest of the parameters matched the experimental conditions.
depending on the fraction of the total MOT light inten-
sity on the cooling transitions, which can vary due to
competition for gain in the tapered amplifier. Dephas-
ing at a rate γ12 leads to broadening of the simulated
lines, such that the half-widths at half-maximum increase
from approximately 12 (Γ + w) → 12 (Γ + w + γ12) for ab-
sorption and 12w → 12w + 2γ12 for gain. To compare
the simulations to the data, we assume Voigt lineshapes
for the measured features, with Lorentzian widths cor-
responding to the left-hand sides of these expressions,
broadened by a common Gaussian width η (HWHM).
For the data presented here, η is dominated by relative
frequency fluctuations between the MOT laser and the
free-running probe laser. We measure a Gaussian beat
note with a half-width of 2pi× 1.8 MHz. To estimate the
effects of Zeeman shifts in the spatially varying magnetic
field, we first calculate the root-mean-squared value of
(g2m2 − g1m1) over the 40 possible Raman transitions
between |1〉 and |2〉, weighted by the appropriate transi-
tion strengths (here the gF are Lande´ g-factors and the
mF are magnetic quantum numbers). This gives an ef-
fective scale factor of (25/24)1/2µB/~. Then averaging
the quadrupole gradient magnetic field over the Gaus-
sian density of atoms along the probe beam direction, we
obtain a half-width of 2pi × 0.6 MHz. Finally, we expect
a contribution due to Doppler broadening. In the case
of Raman scattering, this depends on the angle between
pump and probe beams, which is approximately 0, 90, or
180 degrees for each of the six MOT beams. The result-
ing Doppler widths are in the range of 0 to 2 times the
single-photon value of 2pi × 0.7 MHz. Combining all of
these effects, we estimate η ≈ 2pi × 2.1 MHz. Together
with the known value of Γ and the simulated value of w,
the corresponding Voigt linewidths for absorption and
5Tr
an
sm
is
si
on
FIG. 5. Calculated probe transmission for varying repump
detuning. Parameters were chosen to match the experimental
conditions of Fig. 3(b), but with fixed atom number. The
optical pumping rate was w = 2pi×0.5 MHz and the dephasing
rate was γ12 = 2pi × 1.5 MHz.
gain imply γ12 = 2pi × 0.8 -2.3 MHz.
To further compare the theoretical model to the exper-
iment, a contour plot similar to Fig. 3(b) was made. This
is shown in Fig. 5, with all parameters, including the to-
tal atom number, fixed. This can also be seen to match
the experimental results well. In particular, the increase
in peak gain and reduction in absorption with increasing
repump detuning is replicated in the numerical model.
Note that the value of w used in this simulation is lower
than in Fig. 4, reflecting the fact that the cooling beam
was further detuned in the corresponding measurement.
Despite some apparent similarities, the model pre-
sented here is qualitatively different than the four-level
model used in [11] under the assumption of Mollow gain
on the |2〉 → |2′〉 transition. Specifically, the present
model only describes Raman gain pumped by the repump
light, whereas the four-level model only describes Mollow
gain pumped by the cooling light. The fact that both
models predict gain for our experiment suggests that,
in principle, both gain mechanisms could coexist in our
experiment. However the four-level Mollow model does
not include the |1〉 ground state, and therefore cannot
account for optical pumping out of |2〉. This pumping
suppresses Mollow gain and increases Raman gain, as de-
scribed in more detail in the next section. We have found
that all of our experimental results are well described by
pure Raman gain induced by the repump light for the
parameter regimes we have studied.
IV. GROUND STATE POPULATIONS
Hyperfine Raman gain is proportional to the popula-
tion difference between the |1〉 and |2〉 ground states [15].
These populations should therefore be measured, in order
to ensure they are consistent with the theoretical model.
The populations can be determined from transmission
spectra spanning all of the D2 transitions. Example spec-
tra are shown in Fig. 6 for the default cooling frequency
and two different values of the repump frequency.
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FIG. 6. Measured transmission spectra used to obtain the
ground state populations. The red and blue curves correspond
to repump detunings of −34.7 and −30.7 MHz, respectively.
The features around zero detuning are the gain and |2〉 →
|F ′〉 absorption resonances, and the feature around 460 MHz
comprises the overlapping |1〉 → |F ′〉 transitions. The inset
shows a detail of the region between the gain and |2〉 → |3′〉
absorption resonances.
The dominant |2〉 → |3′〉 and combined |1〉 → |F ′〉 ab-
sorption features have similar optical depths when the
populations are equal (relatively 0.47 and 0.45, respec-
tively). These features are therefore used for estimat-
ing the populations by normalizing the measured optical
depth to the square of the relevant Clebsch-Gordan co-
efficient. The populations determined in this way are
shown in Fig. 7(a) for varying detuning of the repump
light. The data show that the population difference goes
to zero at small repump detunings, which is the reason for
the reduction in peak gain observed in Fig. 5. For increas-
ing repump detuning, the population difference reaches
a maximum and then drops off due to the reduction in
total atom number in the MOT. The theoretical model
does not include the variation in the total column den-
sity of the MOT as the repump detuning changes, but
a direct comparison between the experimental and theo-
retical populations can be made by looking at the frac-
tional population difference. Figure 7(b) shows that the
normalized difference continues to increase with repump
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FIG. 7. Ground state populations versus repump detun-
ing. (a) The experimentally determined population difference
ndiff = n1 − n2 (red circles) and sum nsum = n1 + n2 (blue
triangles), where ni is the column density of atoms in ground
state |i〉. (b) The normalized population difference ndiff/nsum,
from experiment (points) and theory (line).
detuning. The theoretical populations obtained from the
master equation reproduce this behavior.
V. CONCLUSION
We have studied optical gain in an operating magneto-
optical trap of 39K atoms. The gain was shown to arise
from Raman transitions between the hyperfine ground
states, which has not been observed in-situ with more
commonly used species such as rubidium or cesium. The
conditions for such gain are set by the relatively small
excited-state hyperfine splittings. First, the cooling light
is closer to resonance with an open transition than the
cycling transition, leading to rapid optical pumping into
the lower ground state. This in turn necessitates a rel-
atively large intensity for the repump light, which must
also be red-detuned to reduce heating. Even with these
adjustments, we typically have a larger population in
the lower ground state, creating the effective inversion
needed for gain. For completeness, we note that hyper-
fine Raman gain also has been exploited to impressive
effect in a wide range of more complex experiments with
cold rubidium or cesium [15, 19–24]. Our demonstration
of in-situ Raman gain in a potassium MOT suggests a
comparatively simple and robust experimental platform
for studying steady-state gain and lasing with cold atoms.
Our measurements of the potassium ring laser have
shown that the gain is effectively homogeneously broad-
ened, despite the presence of inhomogeneous magnetic
fields and Doppler shifts [11]. This prevents simultaneous
bidirectional lasing into the counter-propagating modes
of the ring cavity in favor of random switching between
modes. By intermittently shutting off the MOT fields
and applying a separate far-detuned Raman pump, it
should be possible to realize homogeneous gain linewidths
on the order of only a few Hz [23]. In this case inhomo-
geneous Doppler broadening should enable simultaneous
lasing [25].
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